The Cadherin Superfamily at the Synapse: More Members, More Missions  by Uemura, Tadashi
Cell, Vol. 93, 1095±1098, June 26, 1998, Copyright 1998 by Cell Press
The Cadherin Superfamily at Minireview
the Synapse: More Members,
More Missions
arrangement and rearrangement that take place numer-
ous times in neural and nonneural tissues during embry-
onic development. Cadherins comprise a large family
and one of the best characterized subclasses is N-cad-
herin, which is distributed broadly in the early embryonic
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Kyoto 606-01 nervous system. Among several steps toward genera-
tion of neuronal circuits, roles of the cadherin in axonJapan
PRESTO, Japan Science and outgrowth and patterning have been demonstrated at
the whole animal level by expression of a dominant neg-Technology Corporation
ative form in the retina of Xenopus embryos (Riehl et
al., 1996) and genetic ablation of the Drosophila gene
of a major axonal cadherin, DN-cadherin (Iwai et al.,Life at the multicellular level requires that assembled
1997). Furthermore, results of antibody perturbation ofcells with various identities must form integrated func-
N-cadherin suggest that it promotes or stabilizes con-tional systems. This process is associated with conver-
tacts of incoming axons with targets in the chick opticsion from transient cell±cell contacts into highly special-
tectum (Inoue and Sanes, 1997).ized cell±cell junctions. One obvious example of such
About 20 subclasses of the classic cadherins havemorphological transitions of intercellular connections is
now been identified within a single vertebrate speciessynapse formation in the nervous system. After growth
and most of them are expressed in the nervous system.cones traverse long distances and reach the correct
What is more important, the cadherin±cadherin bondtarget regions, they recognize appropriate targets and
tends to exhibit subclass specificity; that is, each sub-subsequently develop into synapses. Many families of
class binds preferentially to a like one at cell±cell bound-cell surface molecules have been postulated or shown
aries. These findings imply a contribution of the cadherinto play roles in selective choice of cognate targets by
family to generation of synaptic specificity. Once growthindividual neurons, stabilization of the contact, and/or
cones reach target regions, the differential adhesivi-structural specialization of the junction. The molecular
ties among the subclasses may connect pre- and post-basis of such contact-mediated mechanisms can be
synaptic membranes and lock them together, thus form-explained, for example, by specific binding, either ho-
ing selective neuronal connections. This hypothesis ismophilic or heterophilic, between adhesion molecules.
strengthened by synaptic localization of cadherins andThree papers published in the June issue of Neuron
catenins, which were revealed at the ultrastructural(Kohmura et al., 1998; Tamura et al., 1998; Tang et al.,
level, and a strong correlation between expression pro-1998), together with previous studies, provide a deeper
files of cadherin subclasses with neuronal circuits (re-understanding of one such family of cell±cell adhesion
viewed by Colman, 1997; Arndt et al., 1998, and refer-molecules, the cadherin superfamily. We now know that
ences therein). In contrast to neuromuscular synapsesmolecules of two distinct subfamilies of this superfamily
that are connected by the basal lamina, interneuronalare localized at interneuronal synapses. These integral
synapses represent direct cell±cell contact where themembrane proteins may not only constitute silent build-
cadherin adhesion apparatus most likely plays an impor-ing blocks of the junction, but also modify synaptic plas-
tant role in linking pre- and postsynaptic membranes.ticity. This reminds us that the synaptic architecture may
In the postnatal mouse brain, a particular subclass ornot be static or fixed, but dynamic in spite of its solid
a combination of multiple subclasses is expressed toappearance. Finally, structural analysis of cadherins
delineate distinct neuronal circuits; for example, mostsuggests that they may exist in dynamic equilibrium
but not all of the components of the auditory circuitbetween inactive monomeric and active dimeric forms.
express cadherin-6 (Inoue et al., 1998). A predictionClassic Cadherins and Their Localization
would be that genetic elimination of a certain subclassat the Synaptic Junction
gene may affect synaptic function in a particular circuit.Proteins of the cadherin superfamily are defined by the
Protocadherins represent the first nonclassic subfam-presence of tandem repeat sequences, ECs, in their
ily to be isolated from vertebrate central nervous sys-extracellular portions (Figure 1). This superfamily can
tems. They also exhibit cell±cell adhesion activities asbe divided into two subfamilies: the classic type and the
shown either by transfection of nonadherent fibroblastsnonclassic type. The classic-type molecules are called
with cDNA clones or by ectopic expression in embryosclassic cadherins, or simply cadherins, and they are
(Sano et al., 1993; Bradley et al., 1998). Interestingly,Ca21-dependent homophilic cell±cell adhesion mole-
the protocadherins' adhesion activity appears to requirecules (reviewed by Takeichi, 1995). Cadherins' intracel-
unknown intracellular cofactors other than cateninslular domains interact with cytoplasmic molecules, i.e.,
(Bradley et al., 1998).a- and b-catenins, and this multiprotein complex forma-
A Novel Nonclassic-Type Subfamily, CNRtion is essential for the cadherins to exert their cell±cell
The classic cadherin is no longer the only synaptic mem-adhesion activity. Integral membrane or membrane-
brane protein in the superfamily. Kohmura et al. (1998)anchored proteins of the other subfamily, the nonclassic
recently found a novel nonclassic-type subfamily thattype, do not interact with catenins.
Classic cadherins are required not only for mainte- they designated CNR (cadherin-related neuronal recep-
tor). They had been studying Fyn, a nonreceptor-typenance of solid tissues, but also for dynamic cellular
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patterns of mRNA-producing cells, although Kohmura et
al. were able to visualize cell-by-cell differences through
double labeling. Future experiments may clarify the sig-
nificance of such microscopic differences and whether
combinations of multiple CNR subclasses create recog-
nition or adhesive codes to build local interneuronal
circuits.
Involvement of Classic Cadherins
in Long-Term Potentiation
In addition to developmental roles in the wiring between
neurons, cell adhesion molecules of some families have
been shown to participate in certain forms of activity-
dependent changes in the strength of synaptic connec-
tions (for example, see LuÈ thi et al., 1994). Memories are
believed to result from changes in synaptic strength
and one of the central challenges of neuroscience is to
understand the mechanism of synaptic plasticity. The
hippocampus is a brain structure that is thought to be
Figure 1. Three Subfamily Members of the Cadherin Superfamily involved in encoding memories; the most extensively
and Their Cytoplasmic Interactors
studied form of synaptic plasticity within the hippo-
The number of extracellular tandem repeats, ECs, varies from one campus is long-term potentiation (LTP), a prolonged
subfamily to another and within the protocadherin subfamily. On
increase in synaptic strength that is caused by high-average, a single EC is 110 amino acids in length.
frequency stimulation of a particular nerve pathway.
Functional inhibition of adhesion molecules of some
families such as the immunogloblin superfamily reduces
tyrosine protein kinase of the Src family, with a focus LTP in the hippocampus slice, the standard preparation
on its molecular function in building neuronal networks to study cellular mechanisms of LTP, although how
and modulating behavior. With the expectation of dis- those molecules are involved in LTP remains obscure.
covering transmembrane receptors coupled to Fyn sig- Tang et al. have investigated whether classic cadherins
naling, they searched for molecules that associate with participate in LTP using the slice system (Tang et al.,
the Fyn noncatalytic domain and thereby identified 1998).
CNR1 (Figure 1). CNR constitutes a new multigene fam- In the hippocampus slice, synaptic strength is mea-
ily, and the amino acid sequences of the eight protein sured in postsynaptic neurons in the CA1 region where
subclasses reported are strikingly similar to each other, N- and E-cadherins colocalize with synaptic markers.
suggesting that all the subclasses interact with Fyn. Tang et al. employed two classes of blockers. First, the
CNR1 is localized at the synapse in the postnatal neo- slices were preincubated with antibodies that bind to
cortex, as was demonstrated by an immunogold labeling extracellular domains, and then LTP magnitude was
technique using an antibody to an extracellular epitope. compared with that of controls (adjacent slices that were
As data on RNA in situ hybridization showed that each treated with antibodies against the cytoplasmic do-
neuron expresses a distinct set of CNR genes, proteins mains). The former antibodies significantly reduced the
of multiple subclasses seem to coexist in a single pre- magnitude, whereasbasal synaptic transmission did not
or postsynaptic cell. appear to be damaged as judged by several different
What is the biological relevance of the CNR-Fyn com- parameters. Blockers of another class were peptides
plex formation and what does CNR exactlydo? Kohmura containing HAV sequences (HAV peptides). The tripep-
et al. have raised intriguing (but speculative) possibilities tide HAV is present in the EC1 of several cadherin sub-
for its molecular functions. Fyn is crucial for determining classes, and the HAV peptides were suggested to inter-
various behaviors in mice; for example, Fyn affects be- fere with cadherin-dependent intercellular adhesion.
havioral and physiological responses to ethanol through Introduction of the peptides attenuated LTP induction;
tyrosine-phosphorylation of the NMDA receptor e2 sub- on the other hand, the peptides had no effect on pre-
unit (Miyakawa et al., 1997). CNR on the postsynaptic viously established LTP. Tang et al. concluded that the
membrane could convey diverse extracellular signals antibodies and the peptides perturbed induction of syn-
and may modulate the enzymatic activity of an associ- aptic plasticity without destroying cell adhesion in gen-
ated Fyn, leading to regulation of NMDA receptor func- eral. Mechanistically, the cadherin±cadherin bond might
tion. They also speculated that CNR proteins play an- contribute to the LTP induction through increasing the
other role as recognition and adhesion molecules to area of synaptic contacts, but it is equally possible that
build specific synaptic connections, which is reminis- the cadherin plays a role through coupling to unknown
cent of the working hypothesis of the role of classic intracellular signaling pathways without such structural
cadherins. However, it should be noted that differences reorganization at the synapse.
in spatial expression patterns among CNR subclasses To corroborate the above findings and pursue how
are remarkably subtle, compared with those among the the cadherin activity influences LTP, further character-
classic-type molecules. In every layer studied within the ization of the blockers may be necessary. The N-cad-
olfactory bulb, in situ hybridization with probes specific herin antibody used in this study was raised against
chick N-cadherin, but it remains to be studied to whatfor individual subclass genes gave superficially identical
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Figure 2. Dynamic Equilibrium between In-
active Monomeric and Active Dimeric Forms
of the Classic Cadherin (A) and the Largest
Molecule of the Cadherin Superfamily, Fat (B)
(A) The strand dimer and the adhesion dimer
represent two different forms of the EC1 crys-
tal and they are shaded more darkly than the
other ECs. This diagram was made on the
basis of studies on three distinct cadherins.
(B) The Fat protein, encoded by a Drosophila
tumor suppressor gene, has 34 tandem ECs
and is drawn on the same scale used in (A).
The circles represent the laminin A±like glob-
ular domains and the cross-hatched box,
EGF-like repeat. The tertiary structure of Fat
has not yet been reported.
extent this antibody can inhibit rat N-cadherin. Although into the intercellular space? One of those large proteins
is DN-cadherin with 15 ECs (Iwai et al., 1997). Curiously,several versions of HAV peptides exhibit certain biologi-
cal activities, the cadherin may not be the sole and direct its extracellular portion appears to be cleaved at a posi-
tion proximal to the transmembrane segment; nonethe-target of such peptides. Nevertheless, the Tang et al.
paper implicates cadherins in synaptic plasticity, and less, two polypeptides generated associate with each
other. Posttranslational processing of this kind mightmay be expected to trigger a new line of research linking
this family of adhesion molecules with synaptic function. be one way to confer a three-dimensional conformation
appropriate for its molecular function and might holdFunctionally Active Three-Dimensional Conformation
The tripeptide HAV and its flanking amino acid residues true for the other giant molecules of invertebrates and
vertebrates. Which of the 15 ECs of DN-cadherin partici-in EC1 were originally found togovern binding specificity
of E- and P-cadherins, and this strongly suggests that pates in the adhesive binding is still an open question.
In sum, the cadherin superfamily is expanding, stereoEC1 is involved inhomophilic adhesive interactions. Two
groups have solved crystal structures of EC1 and/or views of molecules are becoming more divergent, and
overall, this family is being found to perform more, pre-two-domain EC1-EC2 fragments of classic cadherins
(Shapiro et al., 1995; Nagar et al., 1996; Tamura et al., viously unrecognized missions at intercellular junctions.
1998), and two forms of EC1 dimers of N-cadherin have
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